In order to evaluate subpopulation differentiation, effective population size (N e ) and evidence for population bottlenecks at various geographic levels, Aedes aegypti larvae were collected longitudinally from 2007 to 2009 from four areas in the city of Salvador, Brazil. The DNA from each larva was isolated and genotyped with five independent microsatellite markers. F ST and Jost's D revealed significant population structuring (P < 0.05) at the municipal and regional levels, while only R ST was able to detect genetic differentiation at the level of strata within these areas. N e analysis from longitudinal data did not show any evidence of significant change in population structure. The census population measured by the house index, however, showed a significant trend toward decrease in these areas. Active vector control measures did contribute to vector reduction, but this was not enough to decrease A. aegypti population genetic diversity in Salvador. The understanding of A. aegypti population dynamics may be helpful for planning and evaluation of control measures to make them more effective.
Introduction
Dengue is currently the most important flaviviral infection worldwide and presently there is no licensed effective vaccine. However, even if a vaccine were available, vector control would remain an important part of the management of this disease and other related arboviruses. In Brazil, the primary vector is the mosquito Aedes aegypti L. 1762. Since 1996 there have been nationally coordinated control efforts starting with the Program for the Eradication of A. aegypti which was reorganized in 2002 to be the National Program for the Control of Dengue. The latest program emphasizes regular house-to-house surveillance and quarterly survey of household infestation rates or house index (HI) in sentinel metropolitan areas. It uses a Rapid Index of A. aegypti Survey (Portuguese acronym LIRAa) designed to determine HI based on the presence of larvae at defined and formally randomized areas ("strata") at the neighborhood level across each city (BRASIL, 2005) . The definition of a stratum is primarily geographic and not social or ecological. Infestation rates above a threshold of 4% are used to direct vector control units to institute various control measures. In addition to efforts to mobilize the community to eliminate breeding sites, both programs were based on the domiciliary or peridomiciliary use of chemical adulticides and larvicides. The measurement of success is usually based on results of subsequent LIRAas.
Population genetics can provide an additional way to view the effect of a control measure by revealing to what extent the structure of the A. aegypti population has or has not been changed and suggest how well a population can recover. A. aegypti is dependent on human habitation, which combined with a short flight distance (100 m, rarely 1 km) (Maciel-de-Freitas et al., 2006) suggests there may be significant population structure over this range. The typical urban landscape may present significant barriers to local gene flow due to parks, lakes, deserted properties and even roadways (Hemme et al., 2010) . This low dispersal ability may be overcome by wind and human transport of the desiccation-resistant Aedes eggs or as females seek a blood meal and engage in "skip oviposition" (Reiter, 2007) . A large number of genetic markers have been used for studies of population genetics in mosquitoes: isozymes, polymorphisms in mitochondrial DNA, random amplified polymorphic DNA (RAPD) (Apostol et al., 1996) and microsatellites. Microsatellites, in particular, have become some of the most important markers due to their ease of use, scorability and high information content (da Costa-Ribeiro et al., 2006) . Microsatellites are genomic sequences characterized by a variable number of short nucleotide repeats (2-6 nucleotides each), in tandem, which are highly polymorphic and widely distributed in the genome. In contrast to many other organisms, the genome of A. aegypti is microsatellite-poor (Fagerberg et al., 2001) . One of the significant benefits of the A. aegypti genome project has been the ability to identify a larger number of these markers than was previously possible (Lovin et al., 2009 ). In Brazil, several studies have used microsatellite markers to investigate A. aegypti population differentiation in the cities of Rio de Janeiro and Recife, in the Brazilian Amazon and in Paraná state (da Costa-Ribeiro et al., 2006 Fantinatti, 2009; Lima, 2007 Lima, , 2010 . Only one study in the city of São Paulo has examined longitudinal patterns of change in these populations (Campos et al., 2012) .
The use of spatial analysis of entomological indicators as well as genetic characteristics can be an aid for the monitoring and control of A. aegypti (Hemme et al., 2010; Lagrotta et al., 2008) . Understanding of mosquito dispersal or gene flow may be helpful to redefine strata in a more ecological way, guide targeted release of genetically modified mosquitoes or increase the effectiveness of other vector control strategies. Based on microsatellite data, the current study evaluated vector genetic parameters such as differentiation, effective population size (N e ) and evidence for population bottlenecks at various geographic levels in the city of Salvador from 2007 to 2009.
Materials and methods

Study sites and samples
The quarterly A. aegypti survey (LIRAa) organized by the National Dengue Control Program is distributed based on "strata". "Strata" are defined as 8100 to 12,000 adjacent residential and commercial buildings that are grouped independent of neighborhood boundaries. After the conclusion of each LIRAa, localities with high risk for dengue transmission were targeted for treatment with insecticides and reservoir elimination. For analysis in this study 4-6 adjacent strata were combined to form "areas". Five hundred and twelve larvae of A. aegypti from infested houses or buildings from four areas of Salvador-BA, Brazil, were collected by local agents from the Zoono- All four cycles were collected in the Southern Hemisphere's spring. Areas 1, 2 and 4 are at sea level. Area 3 is at approximately 75 m above sea level and separated from the coast by the steep uplift that divides the city into "upper" and "lower" sections. Areas 1 and 2 are contiguous while area 3 and 4 are 8 km apart (Fig. 1) . For comparison, sixty-eight larvae were also collected in from two separate municipalities of Bahia state, i.e. Jacobina (JAC) and Vitória da Conquista (VC), 340 km and 520 km from Salvador, respectively ( Fig. 1) , as well as larvae representing the Rockefeller (ROCK) laboratory strain. JAC (n = 36) and VC (n = 32) samples were collected in 2009 and ROCK (n = 44) samples in 2010. According to the type of breeding site, a maximum of ten larvae were collected and transported in 70% alcohol to the lab for species identification. The study sample included only one confirmed A. aegypti larva from each breeding site. Each larva was frozen individually at −70 • C for subsequent DNA analysis.
House index (HI) and incidence of dengue, larvae georeferencing
Aggregated larval house index (HI; Infested houses/Houses Inspected × 100) for each cycle and stratum of the LIRAa and the annual incidence of dengue from 2003 to 2012 were obtained from the CCZ and Bahia State Secretary of Health (SESAB), respectively. Individual larva from the study sample was georeferenced using Arcview 9.1 (ESRI, 1999) for stratification of the larvae into various geographic levels (municipality, area and stratum).
Microsatellite identification
The GenBank database from 2002 to 2004 was searched for A. aegypti short tandem repeat sequences using BLAST and primer pairs were designed for the sequences flanking these regions. Fortyfive potential markers were validated by amplification of DNA obtained from individual mosquitoes of the Salvador strain kept at FIOCRUZ-BA and only four microsatellite loci were found to be polymorphic, behave as single copy loci and produce clear interpretable patterns on PAGE: AAMS11, AAMS20, AAMS31, AAMS42. These markers have been used in the laboratory for several years and not previously published. Another previously described microsatellite, H08 (Chambers et al., 2007) , was also included (Table 1) .
Genomic DNA isolation and microsatellite genotyping
Genomic DNA from each larva was extracted in DNAzol solution (Invitrogen) after grinding the larva on liquid nitrogen. PCR reactions containing 1× Taq buffer with KCl, 5.0 mM MgCl 2 , 0.2 mM dNTP, 5 pmol of each primer, 1.5 U/l Taq DNA polymerase and 5 l of DNA (150 ng) were performed in an Eppendorf 5331 thermal cycler in a final volume of 25 l. The PCR conditions were: initial denaturation at 94 • C for 5 min, followed by 30-35 cycles of 94 • C for 45 s, T a (Table 1) for 45 s, 72 • C for 45 s, and a final elongation step at 72 • C for 10 min. One primer was end-labeled with one of four fluorescent phosphoramidite dyes (6FAM, PET, VIC or NED). After amplification 0.5 l of internal size standard GS-500LIZ (Applied Biosystems) and deionized formamide were added to a final volume of 10 l for each amplicon. We used an ABI Prism ® 3100 (Applied Biosystems) capillary electrophoresis platform for microsatellite genotyping. Microsatellite allele size was measured by PEAK SCANNER v1.0 analysis (Applied Biosystems).
Allele isolation and sequence
For sequence analysis, a homozygous sample corresponding to a single allele was sequenced from both directions in the ABI Prism ® 3100 to confirm the nature and specificity of the microsatellite polymorphism. Forward and reverse sequences were assembled with CLC Main Workbench 5.5 (CLC Bio, Aarhus, Denmark).
Data analysis
Analysis was performed at different geographic levels (municipality, area, stratum), and contained at least 30 larvae in each area and 10 larvae in each stratum. Allele and genotype frequencies, observed heterozygosity, fixation index and conformation to Hardy-Weinberg (H-W) proportions were calculated by GenAlEx software (Peakall and Smouse, 2006) . Alleles with frequencies less than 5% were considered rare. Data from the SSA Oct 2009 collection were used to evaluate locus independence by pair-wise genotypic linkage disequilibrium calculated using GENEPOP on the Web V4.0.10 (Raymond and Rousett, 1995) . Genetic differentiation between pairs of A. aegypti populations in different geographical levels was calculated with allelic and genotypic data using GENEPOP on the Web V4.0.10 (Raymond and Rousett, 1995) . F ST and R ST were estimated by AMOVA in GenAlEx (Peakall and Smouse, 2006 ). Jost's D was estimated by SPADE software (Chao et al., 2008) . N e was calculated by the indirect method based on linkage disequilibrium implemented in the N e -Estimator software (Peel et al., 2004) . The Bottleneck software (Piry et al., 1999 ) was used to obtain additional evidence for or against the presence of population bottlenecks. Heterozygosity excess was tested under TPM in Wilcoxon sign rank test. For TPM we set ps = 0.9 (the frequency of single step mutations) and variance of those mutations = 12, as recommended elsewhere (Busch et al., 2007; Piry et al., 1999) . F ST and the other indices of differentiation as well as N e and detection of bottleneck were computed from longitudinal data. (Fig. 2) . The global larval HI mean in the selected areas from Salvador, 2007 to 2009, ranged from 3.0% to 5.6%. The larval HI was significantly higher in area 1 compared to other areas. There was a general decreasing trend for HI over time in areas 1, 3 and 4, but not in area 2 (Table 2) . This same trend toward a gradual decrease was noted in global HI mean for all strata in Salvador.
Results
Larval HI
Microsatellite markers characteristics
Initially the allele frequencies for the five microsatellites were examined in a sub-group of 244 larvae collected from SSA Oct 2009, JAC, VC, and ROCK strain. All microsatellites were polymorphic among field and lab strains. Seventeen alleles in total were identified: three in AAMS11, AAMS31 and AAMS42, and four in AAMS20 and H08, respectively. Two alleles from microsatellite AAMS20 and H08 were considered rare. No private alleles were detected. The mean number of alleles per locus ranged from 2.8 to 3.8, the mean observed heterozygosity ranged from 0.39 to 0.69. Due to heterozygosity deficits, locus AAMS11 and AAMS42 in SSA Oct 2009 and AAMS20 in JAC populations showed significant deviations from H-W equilibrium (Table 3) . No linkage disequilibrium was detected between all pairs of loci tested in the SSA Oct 2009 population (data not shown).
Genetic differentiation
At the municipality level, F ST and D values ranged from 0.014 to 0.218. F ST for each population pair of A. aegypti revealed significant genetic structuring (P < 0.05). F ST values among the municipalities' populations ranged from 0.014 to 0.068. Between these and the lab Table 3 Number of samples (N), number of alleles (Na), observed heterozygosity (Ho), fixation index (F) and Hardy-Weinberg equilibrium test (H-W) per each microsatellite locus and municipality. strain the F ST ranged from 0.131 to 0.218. R ST failed to detect genetic differentiation for some pairs of populations at this level (Table 4) . When the four areas from the SSA Oct 2009 collection were compared, allelic and genotypic frequencies showed significant differences only between area 4 and areas 1 and 2 (P < 0.05, data not shown). F ST and D values were small, and ranged from <0.001 to 0.038. F ST values indicated significant genetic differentiation for all pairs of A. aegypti populations except for area 1 and 3 (Table 5) . By contrast, R ST values were small to moderate, and ranged from <0.001 to 0.109. According to the R ST , only area 2 revealed significant genetic structuring when compared to the other areas (Table 5) .
Locus
Genetic parameters
Two strata from each area of the SSA Oct 2009 collection were analyzed. At this level, all genetic differentiation measures except R ST , showed no significant difference between pairs of strata, independent of geographic distance (P > 0.05). R ST showed values small to large, and ranged from <0.001 to 0.283, thus this index was able to detect significant genetic differentiation in the majority of the noncontiguous strata (P < 0.05). Among contiguous strata all measures agreed with no genetic differentiation and ranged from <0.001 to 0.082 (Table 6 ).
Effective population size
N e ranged from 11.8 to 30.7 in populations outside of Salvador. The ROCK strain had the lowest N e (Table 7) . Data from the areas of SSA Oct 2009 gave an infinite value for N e except for area 2 where the N e was 30.3 (95% IC's, 11.0-∞), similar to the populations from other municipalities (data not shown).
Longitudinal A. aegypti population stability
The longitudinal analysis of F ST and other indices of differentiation during a 2 year period showed a significant change in the A. aegypti population structure only between the SSA Oct 2008 and Aug 2009 cycles (Table 8) . During this period the mean global larval HI per cycle reached its lowest value (2.2%) and increased slightly to 2.8% (Table 2 ). The N e estimate varied widely from 2.0 to infinity depending on the area and cycle and was not correlated with the larval HI in the same areas from Salvador (Table 9) . Moreover, N e estimate was not affected by recent successive bottlenecks that occurred in areas 2, 3 and 4 (P < 0.05) ( Table 9 ).
Discussion
A. aegypti control efforts are often viewed skeptically (Gubler, 1998; Reiter and Gubler, 1997) , although there are instances, primarily on islands, where intensive environmental modification and monitoring have resulted in marked reductions in infestation rates (Egger et al., 2008; Lardeux et al., 2002) . In Salvador, an examination of the HI as measured by the LIRAa indicates that there was a consistently decreasing trend of infestation rates from 2007 through 2012. Multiple climate, biological and social factors could be responsible for this observed decline. It is also possible that a systematic decline in identification of breeding sites or recording errors could have contributed to the observed effect. Actually, over the short period of study there has not been significant climate change in the city of Salvador as indicated by the National Institute of Meteorology (INMET) and no major turnover in personnel were observed during this time. Demographically, the human population continues to increase and to experience disordered growth. Therefore, among the responsible factors, the control efforts implemented by the city itself should not be discounted.
As part of control efforts nearly all residential and commercial constructions are visited at least twice yearly. During these visits, many potential breeding sites are either eliminated or treated with larvicides. Owners or those responsible for the area are educated about the risks of standing water and mosquito breeding. A characteristic of the record that appears to support the participation of active control efforts in the decline of the HI, is that when active mosquito control efforts have been interrupted or suspended, infestation rates have risen as happened in 2007 and 2011 (Fig. 2) . During these periods, there were labor disagreements that prevented the control of the vector. A second spike in infestation rates was also noted in 2010-2011 due to the replacement of the larvicide temephos by diflubenzuron, which required a different application technique and the re-training of control personnel. This suggests that when active, these efforts contribute to vector reduction. Despite the decline in the mosquito census population, there was no correlation of this index with the incidence of clinical dengue, which dramatically increased in the same period of time ( Fig. 2) (DATASUS, 2012) . As noted in previous studies, the mosquito population reported via the LIRAa methodology may not perfectly represent the true mosquito population (Dibo et al., 2008; Regis et al., 2009) . However, an extensive study on dengue incidence concluded that an HI greater than 3% is associated with an increased risk of epidemics in susceptible populations (Teixeira et al., 2003) . We present four new validated microsatellite markers (AAMS11, AAMS20, AAMS31 and AAMS42) for use in population genetic analysis of A. aegypti. Population diversity can be measured as allelic richness. The low number of markers restricts conclusions regarding differences in genetic variation for some areas at different levels. Our data indicate that allelic richness for all of the populations of A. aegypti examined was low compared to studies of populations from Asia (Huber et al., 2002; Lovin et al., 2009) and Haiti (Lovin et al., 2009) . Relatively low diversity, however, was also observed in studies of mosquito populations et al., 2002) . Of note, the vector was never completely eliminated from Venezuela, the USA and the Caribbean, which possibly explains the high diversity identified in Haiti. Low allelic richness in Salvador and many countries of South America may be related to its recent reintroduction in the late 1970s (Tauil, 2001) . In contrast to the trend in the mosquito census, the effective population size (N e ) by our analysis has either been stable or rising since 2007. Given the difficulties of measuring N e , we conclude only that N e did not decrease over the period of study. This underlines the independence of the N e from the census population and may suggest that an analysis of population structure may be an additional measure of the effectiveness of mosquito control efforts. N e is in fact another measure of diversity and when measured longitudinally may indicate when there have been fundamental changes in vector population dynamics. Consistent with allelic richness, N e was likewise relatively low at the start of the study period. * † Heterozygosity excess was tested under TPM (ps = 0.9; variance for TPM = 12). * P < 0.05 in Wilcoxon sign rank test. ns, non-significant in Wilcoxon sign rank test; CI 95%, confidence intervals; ∞, infinite.
Longitudinally there was some indication of seasonal variation since the N e for October collections was consistently higher than the August collections. The low number of markers used may have also contributed to greater variability in the measurement of N e . However, this number of markers was sufficient to detect significant genetic differentiation between samples taken from non-adjacent strata. Other studies of population dynamics successfully obtained the same result with this very modest number of loci (Endersby et al., 2009; Huber et al., 2002) .
Apart from the overall population trends, we sought to determine whether populations were geographically structured across areas at inter-and intra-municipal scales. The biology of A. aegypti suggests that populations should be structured over relatively short distances given their dependence on human habitation and short flight distance (∼100 m) (Reiter et al., 1995) . In Salvador, the R ST and Jost's D indicated that for area 2 (the peninsula Itapagipe) there was an obstacle to gene flow to other areas including the adjacent area 1. Areas 1 and 2 are connected by a narrow strip of land bordered by the bay to the west and a steep 70 m high cliff to the east. The strip itself contains railroad yards and non-residential industrial construction. Over the 3.5-13 km that separate the other three areas there was a surprising degree of gene flow given the limited A. aegypti flight distance. Although the typical flight distance of A. aegypti is only 100 m, longer flight distances have been recorded and the incidental factor of wind assisted migration is not often considered as a factor in lowering differentiation. Few migrants per generation are required to eliminate population differences (Brelsfoard and Dobson, 2012) . In addition, environmental changes, climatic variation or even mosquito control efforts may create biological spaces that actively stimulate migration. As expected differentiation indices for mosquitoes from distant municipalities and the Capital were greater than intra-municipal values (F ST = 0.014 vs. 0.218; R ST = <0.01 vs. 0.173), consistent with their genetic isolation by distance.
We conclude that the vector control efforts in Salvador contribute to lowering the population census of A. aegypti. This improvement, nevertheless, does not interfere with the population dynamics or structure of the mosquito nor has it eliminated the risk of dengue outbreaks. In order to be more efficient, vector control programs might benefit from taking in to account gene flow between populations and mosquito diversity when planning and evaluating the success of their efforts. Using these tools, the area for control efforts could be better defined based on spatial measurements of gene flow in order to avoid their rapid repopulation. Also, the effect of control efforts on mosquito genetic structure (measured by the effective population size) may provide a better gauge for the effective reduction of the reproducing population.
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